Waves of spontaneous activity sweep across the neonatal mouse retinal ganglion cell (RGC) 13 layer, driven by directly interconnected cholinergic starburst amacrine cells (the only known 14 retinal cholinergic cells) from postnatal day (P) 0-10, followed by waves driven by 15 glutamatergic bipolar cells. We found transient clusters of cholinergic RGC-like cells around 16 the optic disc during the period of cholinergic waves. They migrate towards the periphery 17 between P2-9 and then they disappear. Pan-retinal multielectrode array recordings reveal that 18 cholinergic wave origins follow a similar developmental center-to-periphery pattern. Electrical 19 imaging unmasks hotspots of dipole electrical activity occurring in the vicinity of wave origins. 20 We propose that these activity hotspots are sites for wave initiation and are related to the 21 cholinergic cell clusters, reminiscent of activity in transient subplate neurons in the developing 22 cortex, suggesting a universal hyper-excitability mechanism in developing CNS networks 23 during the critical period for brain wiring. 24 25 26
Introduction
wave initiation and propagation mechanisms may be more complex than originally assumed. 48 Here we report for the first time that cholinergic RGC-like cells are transiently present during 49 Stage-2 waves, and we propose that these cells may act as wave pacemakers.
51
Results 52 We have followed the pan-retinal expression of cholinergic cells during Stage-2 waves (P2-53 10) using immunostaining for the acetylcholine synthesizing enzyme Choline Acetyl 54 Transferase (ChAT). To our surprise, we found clusters of ChAT-expressing cells (Figure 1 , 55 green dots) in the RGC layer (marked with RGC-specific RBPMS, red) forming an annulus of 56 tight clusters in the vicinity of the optic disc at P2. As development progresses, the annulus from P2-6 (Maccione et al., 2014) . These coincidental events made us wonder whether these 84 clusters might be involved in wave generation. If so, we predict that wave origins would also 85 migrate in an eccentric fashion during the first postnatal week. To address this possibility, we 86 recorded waves between P2-13 using large-scale multielectrode arrays (MEAs) with 4,096 87 active electrodes spanning an area of 5.12x5.12 mm 2 , large enough to cover the entire retinal 88 surface at all ages (Figure 3 ). Wave origins (determined as the xy coordinates of the initial 89 wave center of activity trajectory, see Maccione et al., 2014) were aligned with the image of 90 the retina itself ( Figure 3A , red dots, and B, green dots) and then classified as either central or 91 peripheral ( Figure 3A , see Methods). Figure 3C shows how the periphery/center ratios of wave 92 origins change with development, expanding towards periphery between P2-7, with maximum 93 change between P3-5, similar to the locations of the cholinergic clusters ( Figure 1C ). Once 94 waves switch to Stage-3, the periphery-to-center ratio drops to 1 (or even lower), corroborating 95 our previous findings that glutamatergic waves are small activity hotspots that tile the entire Figure 4A and B), on some channels we could see conspicuous positive signals emerging 105 simultaneously with the negative spike signal (Channel 1643, Figure 4A ). These signals were 106 significantly smaller (red asterisk) than the STA spikes (blue asterisk), but nevertheless easily 107 distinct from baseline activity. Overall, when combining the activity footprint from all channels 108 exhibiting such positive-negative "dipole" behavior ( Figure 4C ), we found that these areas 109 form clusters in close proximity with wave origins (green dots in Figure 4C ). However, when Stage-2 cholinergic waves. They appear near the optic disc at P2 and migrate to the periphery 161 by P7 before disappearing at P10, coinciding with the switch to Stage-3 waves. 162 One plausible explanation that these cells have not been reported in previous studies is that 163 they are sparse, and therefore may be easily missed if not visualized at pan-retinal level. 
177
Our anatomical and physiological observations suggest that these cholinergic clusters may 178 be responsible for the generation of Stage-2 waves. Indeed, using an MEA that is large enough 179 to cover the entire retina, we found that wave initiation points move in a center-to-periphery We have used the following antibodies: mM): 118 NaCl, 25 NaHCO3, 1 NaH2PO4, 3 KCl, 1 MgCl2, 2 CaCl2, and 10 glucose, 286 equilibrated with 95% O2 and 5% CO2. Retinas were allowed to settle for 2 hours before 287 recording, allowing sufficient time for spontaneous activity to reach steady-state levels.
288
High resolution extracellular recordings of spontaneous waves were performed as described where N stands for the spike count from an electrode. The denominator of robustly estimates
